petent to differentiate as R8, and this cluster has thus is in turn required to further activate and maintain high levels of proneural expression (Nolo et al., 2000). Furbeen termed the R8 equivalence group (Dokucu et al., 1996) . ro, a homeodomain encoding gene, is an importhermore, sens is expressed in all imaginal tissues, including the third instar eye disc where it is expressed tant negative regulator of this final stage of R8 differentiation, and it is believed that ro is required to ensure that in the R8 photoreceptor (Nolo et al., 2000) . This expression in R8, the established relationship between sens only one R8 cell differentiates from each R8 equivalence group ( Figure 1A ) (Dokucu et al., 1996; Heberlein et al., and proneural genes in the PNS, and the essential role of sens in PNS development suggest that sens may also 1991). Ro, which is expressed exclusively in the developing eye, is expressed in the developing R2, R3, R4, function in R8 differentiation. We have used mutations in sens to decipher mechaand R5 photoreceptors, but not in R8 (Kimmel et al., 1990 ). In addition, within the MF, Ro is expressed in all nisms of R8 differentiation and have found that sens is both necessary and sufficient for R8 differentiation in cells except for the R8 equivalence group and R8, a pattern that is mutually exclusive with that of Ato (Dothe Drosophila eye. sens acts downstream of ato in the developing eye, and when sens function is removed, kucu et al. , 1996) . These complementary patterns of expression, in conjunction with work demonstrating that R8 differentiation fails during the resolution of the R8 equivalence group into a single R8 photoreceptor. MoreRo negatively regulates ato expression, suggest a mutual antagonism of ato and ro in the developing eye over, in sens mutant ommatidia, the presumptive R8 cell rapidly and consistently adopts characteristics of the (Dokucu et al. , 1996) . However, despite these relationships with ato, the mechanism governing ro repression R2/R5 photoreceptor. We identify sens repression of ro in the developing R8 photoreceptor as an essential of R8 differentiation is not understood.
Recently, the senseless (sens) gene product, a C2H2 mechanism of R8 differentiation, suggesting that the mutual antagonism of ato and ro is sens mediated. We type zinc finger protein, has been shown to be both necessary and sufficient for neural development. In the also demonstrate that sens misexpression in non-R8 photoreceptors results in both repression of ro and com-PNS, proneural genes induce sens expression, and sens petency to adopt the R8 fate. Strikingly, ommatidia still develop in sens mutant ommatidia despite the absence of R8, and all outer photoreceptor subtypes are successfully recruited. This indicates that other photoreceptors can substitute for R8 to initiate recruitment and rules out all models for outer photoreceptor subtype specification that involve R8-specific signaling, either in the form of spatial cues or ligand/receptor interactions.
Results

Expression of sens in the Developing
Drosophila Retina sens is expressed in the R8 photoreceptor during third instar eye development beginning within the MF ( Figures  1B and 1C) (Nolo et al., 2000) . As ato is expressed throughout the MF and is the earliest known marker of R8 differentiation, we used Ato expression to precisely determine when Sens expression begins. The expression of Ato and Sens colocalize beginning with the R8 equivalence group, indicating that Sens is expressed prior to the selection of a single R8 photoreceptor (Figure 1D) , and Ato and Sens are detected together in the same cell until Ato expression ceases after the third column of photoreceptor development. The overlapping To avoid scoring mosaic ommatidia, only clusters at least one ommatidium width away from the clone border were counted. Results were pooled from eleven independent clones. Ommatidia of sens mutant clones range in size from three to eight photoreceptors. The most common ommatidial configuration contains four photoreceptors (see Figures 2D and E) . The column marked "other" includes rare ommatidia containing rhabdomeres that are positioned sideways and ommatidia that could not be accurately scored.
could form only if the R8 photoreceptor had at least R8 photoreceptor does not die during larval development during the period when all other photoreceptors one functional copy of sens (Figures 2A and 2B) . Of 91 mosaic ommatidia scored, no normally constructed are recruited. Thus, the first model is not correct. ommatidia containing a sens mutant R8 were recovered, and there was no significant preference for any other photoreceptor to retain sens function ( Figure 2C ).
Large patches of retina containing ommatidia entirely mutant for sens are readily recovered in adults. While ommatidia in such clones are disorganized and of variable size and configuration, the number of ommatidia and the spacing between them is not changed from the surrounding wild-type tissue. However, all ommatidia have one striking similarity: they do not contain morphologically discernable R8 or R7 photoreceptors ( Figures  2D and 2E ; Table 1 ). Small rhabdomeres are extremely rare (Ͻ0.2%) and could not be identified as part of either an R8 or an R7 photoreceptor (not shown). As R8 is believed to be required for subsequent photoreceptor recruitment during normal eye development, the presence of outer photoreceptors despite the absence of a morphologically distinct R8 within sens mutant ommatidia is a puzzling observation.
At least four models could explain the presence of photoreceptors in sens mutant ommatidia despite the apparent absence of R8. First, the R8 photoreceptor could differentiate, begin the process of photoreceptor recruitment, and then die. Second, recruitment of photoreceptors could occur without a differentiated R8. Third, the R8 photoreceptor could differentiate with characteristics of both R8 and another photoreceptor such that it could not be detected as an R8 cell in the adult, yet could still enable photoreceptor recruitment to occur. Fourth, the R8 cell could initiate differentiation but then undergo a fate change into another photoreceptor subtype, while still enabling photoreceptor recruitment to occur.
To test the first model of R8 differentiation followed that a single R8 cell is selected and that this presumptive
The second model of recruitment without R8 differentiation was addressed by examining other R8-specific markers within sens mutant clones. Normally, Sca protein can be detected in the earliest identifiable R8 photoreceptor, but only for a few columns. Within sens mutant tissue Sca is expressed, but at a lower level of intensity and in fewer cells than in the wild-type ( Figure 3B ). Expression of another early marker of R8 differentiation, Ato, is also altered. Ato is expressed normally from its early broad expression through the R8 equivalence group (Baker et al., 1996; Dokucu et al. , 1996) . However, at the stage where Ato normally resolves into a single R8 cell, reduced expression is routinely observed in sens mutant clones. Specifically, Ato expression is absent at the single R8 stage in 75% of ommatidia but rarely can be detected in single cells as late as the third column of development ( Figure 3C ). The persistence of the enhancer trap in sca suggests that R8 selection occurs, but the observed patterns of Sca and Ato indicate that the process of R8 differentiation is aborted within the MF, most often during resolution of the R8 equivalence group to a single R8 cell, an interval of about one and a half hours. Later markers for R8, Boss ( Figure 3D ) and BBO2 (not shown), are always absent within sens mutant clones. Thus, while the R8 photoreceptor may initiate differentiation, the process is rapidly aborted and the presumptive R8 always ceases to express R8-specific genes. These findings do not unequivocally rule out the erally present in reduced numbers (Table 2 ). These data suggest that, despite rapid loss of R8-specific gene expression in sens mutant clones, all outer photoreceptor
The fourth model predicts that the extra R2/R5 photosubtypes can be successfully recruited. We also found receptor observed in sens mutant ommatidia might be that levels of dual phosphorylated extracellular signal the presumptive R8 cell. To test this hypothesis, we took regulated kinase (dpERK), the activated MAP kinase of advantage of the R8-specific enhancer trap in sca, which the Ras signaling cascade, are reduced but not elimipersists in the presumptive R8 photoreceptor even nated within sens mutant clones (Figures 4E-4G ). As within sens mutant tissue ( Figure 3A) . We determined EGFR signaling is responsible for nearly all Ras signaling the expression of both the R2/R5-and the R8-specific in the developing eye and is required for all non-R8 enhancer traps in the same sens mutant clone and found photoreceptor recruitment (Freeman, 1996; Kumar et al., that in the neighboring wild-type tissue the two enhancer 1998; Tio and Moses, 1997; Yang and Baker, 2001), the traps together mark three cells per ommatidium at comreduction in dpERK levels is consistent with, and may parable levels of intensity ( Figure 4B ). Although three be the cause of, diminished photoreceptor recruitment in sens mutant tissue. cells per ommatidium continue to express the two en- hancer traps within sens mutant clones, the centrally positioned cell is consistently marked with greater intensity ( Figure 4B ). Therefore, the R2/R5 marker is misexpressed in the presumptive R8 photoreceptor.
R8 Differentiation Is Mediated by sens Repression of ro
In addition to the R2/R5-specific enhancer trap described above, we examined another R2/R5 marker, Rough (Ro), to confirm and extend our hypothesis that is epistatic to sens, we generated sens mutant clones in some cases, BBO2 is detected in more than one cell per ommatidium a ro mutant background. We found that many ommatidia (arrow).
mutant for both sens and ro contain photoreceptors with small rhabdomeres, suggesting the presence of either R8 or R7 photoreceptors ( Figure 5E ). Furthermore, some the double mutant tissue ( Figure 5G ). BBO2 expression is also restored in the double mutant tissue, sometimes double mutant ommatidia contain more than one photoreceptor with a small rhabdomere, similar to the ro muin two photoreceptors within the same cluster, suggesting the presence of more than one R8 photoreceptor tant phenotype ( Figure 5E ). To determine if the photoreceptors with small rhabdomeres were R8 cells, we ( Figure 5H ). Thus, inappropriate Ro expression in the presumptive R8 cell is likely responsible for the early looked at the expression of two late markers of R8 differentiation, Boss, and an R8-specific enhancer trap, abortion of R8 differentiation and adoption of the R2/ R5 fate in sens mutant ommatidia. BBO2, in sens mutant clones generated in a ro mutant background. We found that while Boss is never exSince sens-mediated repression of ro plays a critical role in R8 differentiation, we tested if sens misexprespressed in tissue mutant only for sens ( Figure 3D and 5F), Boss expression is restored in many ommatidia in sion was sufficient to repress ro and induce additional photoreceptors to adopt the R8 fate. sens was misexrecruitment, and ruling out all models for outer photoreceptor subtype specification that involve R8-specific pressed in clones posterior to the MF using a variation on the MARCM system (Table 3 ; Experimental Procesignaling, either in the form of spatial cues or ligand/ receptor interactions.
dures) (Lee and Luo, 1999). Within sens misexpression clones, Ro is repressed in those cells showing the highest levels of Sens (Figures 6A-6D). sens misexpression sens-Mediated Repression of ro Is Essential for R8 Differentiation is also sufficient to induce Boss expression in multiple cells per ommatidium and at higher levels than it is
We have demonstrated that sens lies downstream of ato and that sens expression, which begins in the R8 normally expressed (Figures 6E-6H) . Finally, in the adult retina, misexpression of sens causes ommatidial disrupequivalence group, is maintained in R8 at least through the completion of larval development ( Figures 1B-1E) . tion near the center of the clone and induces the formation of ectopic small rhabdomeres within ommatidia Consistent with this expression pattern, there is a cellautonomous requirement in R8 for sens, but no requirenear the clonal border ( Figures 6I and 6J) . Thus, sens is capable of repressing Ro when misexpressed, and is ment for sens in any other photoreceptor (Figure 2) . Interestingly, in sens mutant ommatidia, a presumptive sufficient to induce both R8-specific gene expression and rhabdomere morphology. R8 photoreceptor is selected, but it appears that R8 differentiation does not occur in the majority of ommatidia, and in the minority of ommatidia where R8 differenDiscussion tiation may initiate, the process is quickly aborted within the MF (Figures 3A-3D ). As R8-specific gene expression In Drosophila, R8 photoreceptor differentiation is a highly regulated process that requires complex interacis never observed or is rapidly lost in sens mutant tissue, sens function is thus required to ensure proper R8 differtions among many positively and negatively acting factors. However, despite the importance of R8, both in entiation and to maintain the R8 fate immediately following the stage of the R8 equivalence group, but is not the Drosophila eye and as a model for the study of nervous system development, the molecular mecharequired for R8 selection. In sens mutant ommatidia, the presumptive R8 cell nism controlling R8 differentiation has not been well established. We demonstrate that R8 differentiation rerapidly expresses R2/R5-specific genes and adopts the fate of an R2/R5 photoreceptor in essentially all cases quires sens-mediated repression of ro, an eye-specific repressor of R8 differentiation, and thus identify the ( Figures 4A, 4B , and 5A-5C (Figures 5A-5C ). Such a relationship between sens and ing that non-R8 photoreceptors can substitute for R8 in ro is further supported by the observation that sens function is not required for establishment or maintenance of neural fate in the developing eye, but specifimisexpression causes the repression of Ro in outer photoreceptors (Figures 6A-6D) . Moreover, it is clear that cally for directing a cell to follow the R8 differentiation pathway (this work). Thus, sens and ro seem to have repression of Ro in R8 is of functional significance because loss of ro function is sufficient to rescue the R8 analogous roles in directing the specification of specific photoreceptor cell fates. The transcriptional and genetic loss observed in sens mutant clones (Figures 5D-5H ). These data imply that ro is epistatic to sens and that relationships we have identified between sens and ro imply that the process of R8 differentiation involves a sens-mediated repression of Ro is essential for R8 differentiation. Thus, we identify repression of a cell-fate rehierarchical interaction where sens normally represses ro to prevent both ro repression of R8 and ro induction of pressor as a major mechanism of R8 differentiation. Our findings are also consistent with the observations that R2/R5. When sens function is removed, ro is abnormally expressed in the presumptive R8 cell and the R2/R5 sens acts as a repressor in the Drosophila CNS (Nolo et al., 2000) and that the sens homologs Gfi-1 (murine) fate is adopted ( Figure 7A) . We thus propose a new model for the genetic regulaand pag3 (C. elegans) function as repressors as well (Grimes et al., 1996; Jia et al., 1997) .
tion of R8 differentiation that includes the relationships among ato, sens, and ro ( Figure 7B ). In this model, ato In addition to its role as a repressor of R8 differentiation, ro has previously been demonstrated to be suffiinduces sens within the R8 equivalence group and R8, and sens is in turn required for maintenance of ato excient to induce changes in subtype specification, and it is thought that ro acts downstream of photoreceptor pression. As R8 may transiently differentiate in sens mutant clones, ato is likely sufficient to confer specificity recruitment to specify photoreceptor subtype identity as an R2/R5 cell (Kimmel et al., 1990) . Moreover, it is to R8 differentiation, whereas sens is required to "lockin" and maintain this program of R8 differentiation, priclear that in ro mutant ommatidia the presumptive R2/ R5 photoreceptors adopt the fate of an R1, R3, R4, or marily via the repression of ro. Thus, mutual antagonism of ato and ro is likely mediated by sens. sens presumably R6 photoreceptor (Heberlein et al., 1991) . Similarly, both loss-and gain-of-function experiments reveal that sens has a ro-independent role in R8 differentiation as well, function in the developing eye leads to altered cell fate decisions, but cells remain viable as neurons. These differences between the eye and the embryonic nervous system are not entirely unexpected, as successful R8 selection and differentiation hinges on the unique phenomenon of differential patterns of gene expression with the passage of the MF. For example, whereas the SOP is surrounded by largely equivalent cells on all sides as it is selected, the emerging R8 cell is surrounded by a graded environment-a field of R8 competent cells immediately anteriorly, equivalently staged regions of R8 differentiation dorsally and ventrally, and more mature ommatidia posteriorly. Moreover, cells in each of these environments exert specific effects upon the process of R8 differentiation (for examples, see Dokucu et al., 1996; Dominguez, 1999). The continued analysis of this unusual developmental strategy may thus unveil principles of nervous system development that are not accessible by the study of SOP development or other systems.
R8 Cell-Type-Specific Events Are Separable from Its Recruiting Function
Our analysis of sens mutant ommatidia reveals that the process of R8 differentiation fails very early in develop- The second function of R8 is clearly abrogated in sens mutant clones. This is expected because R7 is induced fundamental differences between the two. First, there is no direct evidence that repression of a repressor is by physical contact with the Boss ligand, which is normally expressed solely on R8, and Boss is never exa mechanism used during SOP selection to specify neuronal fates, while this mechanism is of great importance pressed within sens mutant clones. However, the first function of R8, while somewhat compromised, is not during R8 differentiation. Second, while the relationships between sens and proneural genes are maintained eliminated. Current models predict that after Spi is first secreted both in the developing eye and the emerging SOP, the sens loss-of-function phenotype is quite different in the from R8, it binds to the EGFR and induces Ras signaling in two neighboring cells, the emerging R2 and R5 photoeye and the embryonic nervous system. In the embryonic nervous system, loss of sens function results in cell receptors. Subsequently, Spi is also secreted from R2 and R5 (and later R3 and R4) and the increased Spi death and complete neural loss. However, loss of sens 
